The hepatitis B virus (HBV) envelope proteins bear two determinants of viral entry: a receptor-binding site (RBS) in the pre-S1 domain of the large envelope protein and a conformation-dependent determinant, of unknown function, in the antigenic loop (AGL) of the small, middle, and large envelope proteins. Using an in vitro infection assay consisting of susceptible HepaRG cells and the hepatitis delta virus (HDV) as a surrogate of HBV, we first investigated whether subelements of the pre-S1 determinant (amino acids 2 to 75), i.e., the N-terminal myristoyl anchor, subdomain 2-48 (RBS), and subdomain 49-75, were functionally separable. In transcomplementation experiments, coexpression of two distinct infectivity-deficient pre-S1 mutants at the surface of HDV virions failed to restore infectivity, indicating that the myristoyl anchor, the 2-48 RBS, and the 49-75 sequence, likely cooperate in cis at viral entry. Furthermore, we showed that as much as 52% of total pre-S1 in the HDV envelope could bear infectivity-deficient lesions without affecting entry, indicating that a small number of pre-S1 polypeptides-estimated at three to four per virion-is sufficient for infectivity. We next investigated the AGL activity in the small or large envelope protein background (S-and L-AGL, respectively) and found that lesions in S-AGL were more deleterious to infectivity than in L-AGL, a difference that reflects the relative stoichiometry of the small and large envelope proteins in the viral envelope. Finally, we showed that C147S, an AGL infectivity-deficient substitution, exerted a dominant-negative effect on infectivity, likely reflecting an involvement of C147 in intermolecular disulfide bonds.
Hepatitis B virus (HBV) remains a major public health concern worldwide, affecting more than 350 millions of chronically infected individuals. Since the discovery of HBV, substantial information has been gathered on the viral replication cycle, but our understanding of the viral entry mechanism remains limited, and the identity of the receptor(s) for HBV is still unknown (15) . HBV displays a very narrow host range, which is likely determined at viral entry by a highly specific interaction between the HBV envelope proteins and receptors at the surface of human hepatocytes. The envelope proteins designated large (L-HBsAg), middle (M-HBsAg), and small (SHBsAg) are membrane-spanning glycoproteins that differ from each other by the size of their N-terminal ectodomain (21) . L-HBsAg contains a N-terminal pre-S1, central pre-S2, and C-terminal S domains. M-HBsAg is shorter than L-HBsAg in lacking pre-S1, whereas S-HBsAg consists of the S domain only (Fig. 1) . Envelope protein synthesis occurs at the endoplasmic reticulum (ER) membrane. Empty subviral particles (SVPs) assemble from aggregates at a pre-Golgi membrane and exit the cell through the secretory pathway (36) . Assembly of mature HBV virions requires, in addition to S-HBsAg, the presence of L-HBsAg as a matrix protein for nucleocapsid envelopment (6) . Recent findings indicate that HBV virions and SVPs follow distinct pathways for budding: the late endosomal multivesicular bodies (MVBs) for HBV virions, and the MVB-independent secretory pathway for SVPs (26, 28, 46) . The HBV envelope proteins can also package the hepatitis delta virus (HDV) ribonucleoprotein (RNP), in case of HBV/ HDV coinfection (5, 45) , leading to the formation of HDV virions. Whether HDV uses the SVP secretion pathway rather than an MVB-dependent route is uncertain.
L-HBsAg, but not M-HBsAg, is crucial to infectivity of both HBV and HDV particles (13, 31, 41, 42) . L-HBsAg contains a major infectivity determinant located between amino acid residues 2 and 75 of its N-terminal pre-S1 domain (4, 30) , including a myristoyl anchor linked to glycine-2 (1, 8, 18) , a putative receptor binding site (RBS) between positions 2 and 48, and a domain of unknown function between amino acids 49 and 75. To date, the most compelling evidence that pre-S1 mediates receptor binding comes from studies demonstrating that myristoylated synthetic peptides specific for the N-terminal 2-to-48 pre-S1 domain can bind to hepatocyte plasma membranes and block infection in vitro (3, 16, 17) and in vivo (37) . Beside pre-S1, a second determinant was recently identified in the antigenic loop (AGL) borne by the three HBV envelope proteins (Fig. 1) . The AGL participation in viral entry was first established in the HDV model (23) and more recently directly in the HBV model (39) . Interestingly, serine substitutions for the AGL cysteine residues, which prove detrimental to the conserved immunodominant "a" determinant, could also block viral entry. Note that the "a" determinant consists in conformational epitopes, which elicit highly neutralizing antibodies (22) . Infectivity and the "a" determinant were also lost when virions were treated with membrane-impermeable inhibitors of thiol/disulfide isomerization (2) . These findings clearly established a correlation between the AGL cysteine disulfide bonds network, the conformation of the "a" determinant, and infectivity. Hence, the strict conservation of the "a" determinant among all HBV genotypes is related to the AGL function at viral entry. The AGL determinant may operate in association with, or independently of pre-S1, in binding to receptors at the early step of entry and/or in the mechanism of envelope disassembly postentry.
In the present study, we investigated the pre-S1 determinant by performing transcomplementation experiments between mutants of 3 pre-S1 subelements: the myristoyl anchor, subdomain 2-48, and subdomain 49-75. We analyzed the activity of the AGL determinant in the S-or L-HBsAg background (S-and L-AGL, respectively), and we examined the effect of introducing increasing amounts of infectivity-deficient pre-S1, or AGL, in the virion's envelope on infectivity.
MATERIALS AND METHODS
Plasmids. HDV recombinant plasmid pSVLD3 was used for replication of HDV RNA and production of HDV RNP (27) . HBV expression vectors p123 and p124 were used for the production of the wild-type (wt) S-and L-HBsAg proteins, respectively (40) . Vectors for the expression of L-HBsAg mutants were derived from p124 by using the PCR technique with two complementary mutagenic oligonucleotides as described previously (25) . Mutations in pre-S1 consist in a five-residue deletion and the insertion of Lys-Leu dipeptide as described previously (4) . Plasmid p124 ⌬115-153 vector encodes a truncated but fully functional L-HBsAg protein, and plasmid p2713 codes for G2A L-HBsAg lacking the myristoylation signal, as previously described (1) .
AGL mutations initially created in pTHB2.7 plasmid (2, 23) were introduced in p123 and p124 plasmids (40) . A XbaI-NcoI HBV DNA fragment containing the mutation was excised from pTHB2.7-derived mutant plasmid and inserted between the XbaI and NcoI restriction sites of both p123 and p124 plasmids. The mutations are designated by the one-letter code for the targeted amino acid followed by its position in the S domain of the HBV envelope protein (genotype D), and the one-letter code for the substituted amino acid.
To discriminate between wt and mutant S-HBsAg proteins by Western blot analysis, a plasmid coding for wt S-HBsAg bearing a C-terminal influenza virus hemagglutinin (HA) epitope sequence was used as a substitute for wt S-HBsAg (note that the HA tag alters neither HDV assembly nor infectivity).
Production and characterization of HDV particles. Production of HDV particles was achieved in the Huh-7 human hepatoma cell line as previously described (4) . Cells (10 6 /well) were transfected with 1 g of pSVLD3 and 1 g each of p123 and p124 (or their derivatives) (40) . Transfection was carried out using the Fugene-HD reagent according to the manufacturer's directions (Roche). Culture supernatants were harvested at day 6, 8, 10, and 12 posttransfection and then pooled and analyzed by immunoblotting for the detection of HBV envelope proteins (4) . Note that detection of HBV envelope proteins was achieved using a rabbit anti-S antibody (R247) that recognizes a linear epitope in the cytosolic loop-I of the envelope proteins, and a rabbit anti-pre-S2 antibody (R257) for specific detection of L-and M-HBsAg proteins. The relative levels of the immunoblot signals for HBV envelope proteins thus do not reflect the real ratio of L-HBsAg to S-HBsAg. For detection of L-HBsAg proteins bearing deletions in pre-S2 (⌬115-153), a rabbit anti-pre-S1 antibody (R254) specific for the 83-to-106 pre-S sequence was used. Immunoblot signals were quantified by using the NIH ImageJ. 1.41O software. When indicated, PNGase F treatment of envelope proteins was performed as previously reported (4) . Supernatants harvested at days 14 and 16 posttransfection served as inocula in infectivity assays after normalization for their HDV RNA content by Northern blot analysis (4) .
In vitro infection assay of HepaRG cells. HepaRG cells were maintained and differentiated as described previously (19) . For infection with HDV virions, clarified supernatants from Huh-7 cells were used as inocula after normalization for HDV RNA. HepaRG cells (10 6 cells/well) were exposed to ϳ10 8 genome equivalents (ge) of HDV virions for 16 h in the presence of 5% polyethylene glycol (PEG) 8000 (Sigma). Cells were harvested at day 7 postinoculation in RLT buffer (Qiagen). Total cellular RNA was purified by using an RNeasy minikit (Qiagen) and tested for the presence of genomic HDV RNA as evidence of infection.
RESULTS
The present analysis of HBV envelope proteins at viral entry was performed using the HDV model as a surrogate for HBV as previously described (43) . Production of HDV virions was achieved by transfection of Huh-7 with a mixture of an expression vector for HDV RNP, and two expression vectors for Sand L-HBsAg envelope proteins, respectively (M-HBsAg was omitted because dispensable for infectivity) (7, 13, 29) . The resulting particles, designated SL-HDV, bear S-and L-HBsAg proteins only. Infectivity was then assayed by inoculation of Huh-7 cell-derived virions to susceptible HepaRG cells, and measurement of intracellular accumulation of HDV RNA at day 7 postinoculation. HDV infection being nonproductive in the absence of the helper HBV, the level of intracellular viral RNA that accumulates in infected HepaRG cells is proportional to the inoculum titer (4) .
Subelements of the pre-S1 infectivity determinant (amino acids 2 to 75) are nonseparable. It was recently demonstrated that the N-terminal 75 amino acid residues of the L-HBsAg protein constitute the minimum pre-S1 infectivity determinant (4, 30) . This sequence can be arbitrarily divided in three subelements: (i) the myristoyl anchor linked to glycine 2, (ii) the sequence from amino acids 2 to 48 likely to contain an RBS, and (iii) the sequence from amino acids 49 to 75 of unknown function. Here, to gain mechanistic insight into the pre-S1 determinant, we addressed the possibility of transcomplementation between infectivity-deficient L-HBsAg mutants of the following types: type 1 was a mutant (G2A) deficient for myristoylation (1); type 2 were mutants bearing deletions in the 2-to-48 sequence (⌬11-15, ⌬16-20, ⌬21-25, and ⌬31-35) and type 3, mutants with deletions in the 49-to-75 sequence (⌬51-55, ⌬56-60, ⌬61-65, and ⌬66-70) (4). All mutations were previously reported as permissive for L-HBsAg synthesis and in- corporation into the HDV envelope, but detrimental to infectivity (4). Intra-or intertypic transcomplementations were attempted using SL-HDV particles produced by transfection of Huh-7 cells with a wt S-HBsAg expression vector and equivalent amounts of plasmids for expression of two distinct LHBsAg mutants as indicated in Fig. 2 . As shown in Fig. 2A , wt and mutant SL-HDV particles displayed identical characteristics in terms of envelope proteins and HDV RNA content. Prior to infectivity assays, each preparation of SL-HDV was adjusted to ϳ10 8 ge/ml and inoculated to HepaRG cells in the presence of 5% PEG as described previously (4) . As shown in Fig. 2B , none of the transcomplementation combinations was successful in restoring infectivity. This observation suggests that subelements of the pre-S1 infectivity determinant cannot be separated, implying their cooperation in cis in the mechanism of viral entry.
Dose-dependent effect of an infectivity-deficient pre-S1 at viral entry. Assuming that pre-S1 plays a role in receptor recognition, a minimum number of pre-S1 molecules may be required at the surface of an infectious virion. We addressed this question indirectly by measuring the dose-dependent effect of incorporating an infectivity-deficient pre-S1 mutant in the HDV envelope. We produced SL-HDV particles bearing various ratios of G2A/wt pre-S1: the G2A substitution leads to the synthesis of a nonmyristoylated, infectivity-deficient pre-S1 (1). SL-HDV production was achieved as described above, except that in place of the wt L-HBsAg expression vector, a mixture of wt and G2A L-HBsAg encoding plasmids was used in the transfection procedure. The different ratios of G2A/wt LHBsAg vectors are indicated in the legend to Fig. 3 . To monitor for a dose-dependent incorporation of G2A L-HBsAg in the SL-HDV envelope, we modified our experimental procedure by substituting to wt L-HBsAg expression vector, a plasmid for expression of ⌬115-153 L-HBsAg, a protein bearing a deletion previously demonstrated as fully permissive to infectivity (4). The ⌬115-153 and G2A L-HBsAg proteins having different molecular weights, we could quantify their relative incorporation in the viral envelope by performing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblot analysis with an anti-pre-S1 antibody (R254) that equally recognizes the two proteins. To further facilitate quantification, envelope protein samples were treated with PNGase F prior to SDS-PAGE to resolve each ⌬115-153 and G2A L-HBsAg (ca. 50% of each are glycosylated at Asn-146 in the S domain) as a single form of unglycosylated protein. As shown in Fig. 3A , L-HBsAg proteins were detected at the expected G2A/⌬115-153 ratios in the different preparations of HDV particles.
When particles were assayed for infectivity in HepaRG cells after normalization for HDV RNA, a nonlinear, dose-dependent effect of G2A L-HBsAg was observed. It is remarkable that G2A L-HBsAg could account for as much as 52% of total L-HBsAg proteins without affecting infectivity (Fig. 3) , clearly indicating that only a limited number of pre-S1 polypeptides at the surface of HDV virion suffices to confer infectivity. We attempted to calculate this number by first separating cell culture-derived HDV virions from SVPs by two successive ratezonal sedimentation procedures, followed by quantification of the S-and L-HBsAg proteins in the HDV RNA-positive fractions by Western blotting with an anti-HBsAg antibody that equally recognizes both proteins (24) . The percentage of LHBsAg relative to L-ϩ S-HBsAg was at 5 to 6% (data not shown). Note that this estimation is very close to the one obtained for in vitro-produced, HDV particles (10), but slightly different from that of serum-derived virions in which L-HBsAg was reported to account for only 1% of total envelope proteins (5). Then, we estimated the number of total envelope proteins at the surface of an HDV particle (36 nm in diameter) to be 130, based on the measurement by Gilbert et al. (14) of 48 S-HBsAg polypeptides per 22 nm-diameter SVP. An average HDV virion would thus bear seven to eight L-HBsAg proteins. If, as shown here, infectivity-deficient L-HBsAg mutants can account for 52% of the total L-HBsAg proteins without consequence at viral entry, as few as three to four L-HBsAg molecules per virion would suffice to confer infectivity. Using a different infectivity-deficient L-HBsAg protein, ⌬11-15 (4), similar results were obtained whereby SL-HDV particles in which ⌬11-15 L-HBsAg accounted for 46% of total L-HBsAg, maintained infectivity at 72% of that of wt particles (Fig. 4) .
S-AGL is critical for infectivity. It was shown recently that the AGL bears a determinant of infectivity, which is closely SL-HDV bearing lesions in L-AGL. Such lesions consisted in a small deletion (⌬119-123) or single amino acid substitutions (I110A, P120A, R122A, C139S, K141A, P142A, C147S, C149S, I150A, P153A, and W156A), which have been described previously as drastically reducing HDV infectivity when present in all three S-, M-, and L-HBsAg proteins (2, 39). SL-HDV particles production was achieved as described above, except that in place of wt L-HBsAg expression vector, derivative plasmids bearing the above-mentioned mutations were used in the transfection procedure. Supernatants from transfected Huh-7 cells were characterized as indicated in the legend to Fig. 2 . The results show that SL-HDV mutants displayed the characteristics of wt virions in terms of envelope proteins and HDV RNA content (Fig. 5A) . When assayed for infectivity in HepaRG cell cultures, all SL-HDV mutants demonstrated a limited loss of infectivity relative to wt HDV ranging between 45% (⌬119-123) and 71% (P153A). (Fig. 5B) . When mutations were borne by S-AGL (Fig. 6) , infectivity was more severely affected. For most mutants, e.g., the ⌬119-123, I110A, R122A, C139S, K141A, P142A, C147S, and C149S mutants, infectivity was measured at 1 to 4% of that of wt HDV. For P120A, I150A, P153A, and W156A, a smaller effect was observed: 15, 41, 34, and 17%, respectively of that of wt HDV.
Taken together, these results show that L-AGL is not critical to HDV infectivity, suggesting that it does not function in cis with pre-S1. Infectivity is most affected when S-AGL is deficient. It may pertain to a particular conformation, or surface accessibility of S-AGL, or the relative stoichiometry of S-and L-HBsAg. If S-HBsAg accounts for 95 to 99% of the HBV envelope proteins at the surface of HDV (5), infectivity-deficient lesions in S-AGL should have much greater impact on infectivity than should the same lesions in L-AGL (see discussion).
Dose-dependent effect of infectivity-deficient AGL at viral entry. To measure the dose-dependent effect of an infectivitydeficient AGL substitution, we selected C147S, one of the most deleterious substitutions in the 3-envelope-protein background (2) , to produce SL-HDV particles bearing various ratios of C147S/wt S-HBsAg proteins. SL-HDV particles production was achieved as described above, except that wt S-HBsAg expression plasmid was replaced with a mixture of wt and C147S S-HBsAg expression vectors in the transfection procedure. The different ratios of C147S/wt S-HBsAg encoding plasmids are indicated in the legend to envelope, we substituted a HA-tagged wt S-HBsAg for wt S-HBsAg expression vector in the transfection procedure. Note that the HA-tag has no significant impact on HDV assembly or infectivity (data not shown). As a consequence, the incorporation of C147S S-HBsAg in the envelope of secreted particles is easily monitored by SDS-PAGE and immunoblotting because C147S and wt HA-tagged proteins have different molecular weights. As above, prior to SDS-PAGE, samples were treated with PNGase F to resolve each type of envelope protein as a single band of unglycosylated form. As depicted in Fig. 7A , C147S and HA-tagged wt S-HBsAg were detected at the expected ratios in the different preparations of HDV particles, indicating that the C147S substitution does not affect the capacity of the mutant to coassemble with HAtagged wt S-HBsAg. When particles were assayed for infectivity in HepaRG cell cultures after normalization for HDV RNA, a dominant-negative effect of C147S was observed. As shown in Fig. 7B , when C147S was measured at 51% of total S-HBsAg in the viral envelope, infectivity was down to 9% of that of the wt HDV.
We conducted a similar analysis using different infectivitydeficient AGL mutations: I110A, K141A, P142A, and C149S. In each case, we prepared SL-HDV particles bearing 0, 25, 50, and 75% of mutant relative to total S-HBsAg. As shown in Fig.  8 , increasing the proportion of mutant S-HBsAg in SL-HDV envelope translated into a dose-dependent loss of infectivity. However, unlike C147S, a dominant-negative effect was not as clear, since the substitution of 50% of total S-HBsAg envelope proteins with, C149S, K141A, I110A, or P142A, resulted in a lesser loss of infectivity, recorded at 30, 18, 44, and 34%, relative to wt HDV, respectively. The difference between C149S, K141A, I110A, P142A, and C147S substitutions may correspond to different functions of the AGL at viral entry.
DISCUSSION
One major impediment in the study of the HBV entry pathway remains the lack of information on cellular receptor(s) for the virus. The HBV envelope proteins bear at least two determinants of viral entry: (i) the 75 first residues of pre-S1 (4, 30) and (ii) the conformational AGL determinant (2, 39) . The pre-S1 2-75 sequence is thought to contain all of the necessary information for receptor recognition as shown by the potent neutralization activity of anti-preS1 antibodies (35) and preS1-specific lipopeptides (3, 16, 17) , but in the absence of information on the cell receptor engaged by pre-S1, the receptor-binding mechanism remains hypothetical. Here, to gain insights into the role of pre-S1, we first addressed the possibility of assigning separable functions to 3 pre-S1 subelements: (i) the N-terminal myristoyl moiety and recognition sequence for N-myristoyltransferase (amino acids 1 to 8), (ii) the downstream domain including a putative RBS (2-47), 48 and (iii) the C-terminal amino acids 49 to 75. Clearly, our results are not in agreement with pre-S1 subelements acting independently of each other, but rather in support of their cooperation in cis during entry. Such a mechanism was proposed by Urban et al. (44) for the duck hepatitis B virus pre-S infectivity determinant. In that model, virus attachment to its receptor, carboxypeptidase D, would initiate with a low-affinity binding mediated by a pre-S C-terminal ␣-helix, followed by the stabilization of the complex by a pre-S N-terminal structure. HBV entry may involve the coordinated functions of distinct subdomains within pre-S1 2-75: amino acids 2 to 48, possibly with the assistance of the myristoyl anchor, could provide the receptor binding function that would be predefined, or stabilized, by the 49-75 domain acting as an allosteric effector. Recent analysis indicate that pre-S1 is a natively unstructured polypeptide containing multiple prestructured motifs within the N-terminal 40 residues that could serve as "recognition antennae" for receptor interactions (11) .
Whatever mechanism is engaged by pre-S1 for receptor binding, a rather small number of these molecules, estimated here at three to four per virion, appears to suffice for infectivity. However, we feel that these numbers should be confirmed by additional experiments, because (i) they are based on the assumption that the preparations of SL-HDV virions that were used for our analysis were free of SVPs and homogeneous with regard to envelope proteins composition (i.e., assuming that every single HDV virion bears 5% of L-HBsAg) and (ii) the presence of PEG in the infectivity assay may create aggregates of particles and, thereby, introduce a bias into our calculations. Experiments are being conducted to obtain a more precise quantification using preparations of SVP-free virions in PEGfree infection assays. In addition, further information is needed on the three-dimensional structure of the functional pre-S1 determinant to establish a precise stoichiometry of HBV envelope protein in the entry process. This type of analysis has been achieved recently for the human immunodeficiency virus type 1 entry, which may require a single viral envelope protein trimer to achieve virus entry (32, 47) .
With respect to the AGL, its role is as yet unclear, and we cannot exclude that it be engaged in multiple functions, including (i) an initial binding to cell surface-exposed glycosaminoglycans, (ii) a specific attachment to a receptor (or coreceptor at a postattachment step), and (iii) a role in the envelope disassembly process postentry. Furthermore, entry may require cooperation between pre-S1 and AGL, whereby the latter could, for instance, assist pre-S1 in the formation of a functional RBS. In view of our results, the AGL is more likely to act as an allosteric activator in trans (S-AGL) rather than in cis (L-AGL) on pre-S1 to promote receptor binding or to engage a postbinding event. In addition, or alternatively, the AGL could act independently of pre-S1, in which case lesions in S-AGL would be expected to have a strong impact on infectivity as a consequence of the relative stoichiometry of S-and L-HBsAg at the surface of HDV particles (5, 9, 21) .
The AGL infectivity determinant is conserved in the sequences of all human HBV genotypes, the woolly monkey hepatitis B virus and, to a lesser extent, the woodchuck hepatitis virus (WHV), suggesting that it is not species specific. A recent study by Gudima et al. (20) , showed that HDV particles bearing the WHV envelope proteins could infect human hepatocytes in vitro, whereas HDV virions bearing the HBV L-and S-HBsAg proteins were noninfectious in woodchuck hepatocyte cultures. In addition, substituting the small WHV envelope protein for S-HBsAg in the later particles failed to confer infectivity in woodchuck hepatocyte cultures, suggesting also that the S-AGL is not sufficient for species specificity at viral entry.
In the present study, we observed that the introduction of infectivity-deficient substitutions in the sole L-AGL did not abolish infectivity, as opposed to the effect of the same substitutions in the three-envelope-protein background, suggesting that pre-S1 does not require L-AGL for function. If the contrary were true, any infectivity-deficient substitution in L-AGL would abrogate infectivity. In contrast, most of the infectivity-deficient substitutions (I110A, R122A, C139S, K141A, P142A, C147S, and C149S) demonstrated a strong inhibitory effect when present in S-HBsAg only (Fig.  6) , which was often as potent as that observed in the threeenvelope-protein background (2, 39). There are two possible explanations to these results: (i) S-and L-AGL are functionally indistinguishable, and therefore substitutions introduced in L-AGL lead to a small number of modified AGLs per virion, and (ii) S-AGL is more active than L-AGL as the result of differences of structure or accessibility at the virion's surface. Our results are clearly in support of the former explanation, whereby AGL infectivity-deficient substitutions have a greater impact in the S-HBsAg background, solely because S-AGLs are more numerous than L-AGLs in the viral envelope. In fact, virions bearing as little as 7% of S-AGLs with a C147S substitution, demonstrate a greater than twofold reduction of infectivity (Fig. 7) . Assuming that the HDV envelope consists of 95% S-HBsAg and 5% LHBsAg (5) and that S-and L-AGL are identical, C147S would be expected to have equivalent impact on infectivity when present on 100% of the L-AGLs or 5% of the S-AGLs. As shown here, C147S in all L-AGLs reduced HDV infectivity to 66% of that of the wt (Fig. 5) , whereas according to the dose-response curve shown in Fig. 7 , the same substitution in 5% of S-AGLs leads to an infectivity down to 55% of that of wt HDV. These results are thus consistent with the assumption that S-and L-AGL are functionally indistinguishable. However, it is important to mention that the detrimental effect of a given AGL substitution may vary according to the nature of the modified amino acid residue (Fig. 8) . As investigated here, AGL substitutions targeting cysteines, positively charged or uncharged hydrophobic residues, may impact different functions of the AGL determinant. For instance, the I150A substitution that reduced infectivity to only 41% relative to wt, may pertain to an AGL function other than the one affected by the C139S, K141A, P142A, C147S, or C149S substitutions (Fig. 6) . Finally, the peculiar dominant-negative impact observed with C147S is in agreement with an implication of cysteine-147 in intermolecular disulfide bonds as previously reported (33, 34) . Substitution of one cysteine residue in proteins, such as S-HBsAg, which are cysteine-rich and known to be highly cross-linked, may lead to the formation of numerous illegitimate disulfides bonds. The introduction of a small number of C147S AGLs in the HDV envelope could act in trans on the disulfide bonds that structure the coexisting wt AGLs, leading to a dominant-negative effect on infectivity.
Overall, our results further support the existence of two functionally distinct infectivity determinants in the HBV envelope proteins. These determinants, pre-S1 and AGL, differ from each other by their relative stoichiometry in the viral envelope and by their response to infectivity-deficient mutations ( Fig. 3 and 7) . These characteristics may offer the possibility to develop at least two classes of entry-specific antiviral drugs, including pre-S1 specific lipopeptides to block receptor binding (37) and agents capable of interfering with the AGL disulfide cross-linking (12, 38) .
